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As the critical dimension of the semiconductor device continues to shrink and aspect ratio 
continues to rise, more diagnostics are needed to accurately predict the deposition profile of 
features on the wafer. Traditionally, the incident ion fluxes are considered to be perfectly normal 
to the wafer plane due to the electric field of the plasma sheath. However from simulation results 
the ion flux from a magnetron discharge has a narrow angular distribution and this distribution is 
becoming more significant as the aspect ratio increases. In order to confirm and adjust this 
predicted distribution a sensor to measure angular distribution of ions in an industrial scale 
chamber is designed and developed. The sensor is a combined gridded energy analyzer (GEA) 
and a quartz crystal microbalance (QCM), with a high aspect ratio collimator in place of the 
normal electron repeller grid for angular measurement distribution measurements. The collimator 
is made of copper elements with 500µm nominal openings which provides 1 degree angular 
resolution. This combined QCM and GEA setup is capable to determine fluxes of metal ions, 
metal atoms and argon ions at 30kW DC magnetron nominal target power. The setup is able to 
tilt around 10 degrees about the wafer plane in 1 degree intervals and measure the angular 
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Chapter 1 Introduction 
1.1 Background 
1.1.1 Physical Vapor Deposition (PVD) and Magnetron Sputtering 
 In modern semiconductor wafer fabrication process, hundreds of steps are required to 
pattern, etch and deposit materials on the wafers. The materials being deposited on to the wafer 
can be used as diffusion barriers, adhesion or seed layers, primary conductors, antireflection 
coatings, etch stops and so on, also they are used to form vias and lines, which are the backbone 
of electrical connections throughout the device. [1] These deposition can be carried out using 
physical vapor deposition (PVD), also known as sputter deposition. PVD techniques include 
evaporation, magnetron, DC and RF diode sputter deposition, ion beam sputter deposition, arc 
based deposition, and various types of plasma-based condensation. Industrially, only magnetron 
sputtering is used for large scale IC manufacturing applications, as it offers much higher 
deposition rate compared to other PVD techniques.[2] Magnetron sputtering tools achieves high 
deposition rates by using magnetic confinement of electrons in the plasma. This results in a 
higher plasma density than in either the RF or DC diode systems. This higher plasma density 
would reduce the discharge impedance and results in a higher current and lower voltage 
discharge for the same discharge power. 
In a conventional DC magnetron sputtering (dcMS) discharge, ionized atoms generated in 
the plasma are accelerated by a DC negative bias applied towards the cathode (target). This 
causes atom from the target surface to by ejected or sputter out, and these atoms will condense 
on the substrate surface and forms a film. The main difference between dcMS and DC glow 
discharge is that dcMS has an externally applied magnetic field, either created by permanent 
magnets or electromagnets, or a combination of both. [3,4,5]  The magnetic field is created is 
2 
 
parallel to the target surface and perpendicular to the electric field, so that electrons are confined 
in a ring-shaped region in the vicinity of the target due to the E×B drift. Plasma density would 
hence increase dramatically due to the electron confinement. This high plasma density will also 
enhances the ionization process and thus increases the sputtering rate, and form a “racetrack” 
locally beneath the plasma region where the target materials are being removed. [6] 
 
 
Figure 1.1: A planar magnetron arrangement to create a static magnetic field parallel to the 
target surface, where secondary electrons are retained and drift in the -E×B direction 
following a cycloidal path.[7,8] 
 
The main advantage of magnetron sputtering over the other PVD techniques such as 
evaporation is the additional kinetic energy of the plasma species. This includes both the neutral 
sputtered atoms and a certain amount of ionized species. In dcMS the energy of these species 
typically have an energy of a few eVs, which is considerably more than that of the thermally 
evaporated atoms, usually at about a tenth of an eV. [2] These high energy species could impinge 
onto the film and transfer energy to the adatoms. As a result, the surface and bulk diffusion 
processes are enhanced, allowing tailoring of structural, optical, electrical, and mechanical 




1.1.2 Ionized Physical Vapor Deposition (iPVD) 
 
Ionized PVD (iPVD) refers to the condition in PVD chambers that the deposition flux 
consist of more ions than neutrals in the flux.[2] It was developed as a tool to increase the ion 
flux in the plasma and the deposition flux. Conventional iPVD process consists of the following 
steps: 1) creating a metal vapor flux by physical methods, such as the sputtering and evaporation; 
2) ionizing the metal neutral using a high density secondary plasma source or a single enhanced 
ionization source; 3) collimating the ion flux by the plasma sheath or negative bias before 
deposition [9,10]. A typical iPVD system consist of a DC (or RF) magnetron plasma, and a 
secondary high density plasma, normally an inductively coupled plasma (ICP) or an electron 
cyclotron resonance (ECR) plasma [11-14]. In some systems, a single source can be used for 
both sputtering and ionizing the target material, one example for that is the hollow cathode 
magnetron (HCM) [15,16].  
 
Figure 1.2: The schematic of a conventional iPVD chamber, an inductively coupled 




These ions in the magnetron sputtering are of importance since the energy of the flux can 
be controlled independently through applying a bias to the substrate. Also, as the ion flux is 
directional through the plasma sheath, they could be very useful for applications such as barrier 
and seed layers deposition in high-aspect-ratio trenches and vias to prevent overhang at the top 
of the feature. Unfortunately, in conventional DC magnetron sputtering processes the degree of 
ionization of the plasma particles is relatively low [17]. Therefore, ways to produce a higher 
ionization fraction in the plasma and hence the depositing flux are highly desirable.  
iPVD has been primarily utilized in the integrated circuit (IC) manufacturing as the 
primary approach for Ta(N) diffusion barrier/Cu seed layer deposition in interconnects [18,19]. 
However, there are several challenges to form a continuous and reliable seed coverage inside the 
recessed features with good adhesion to the barrier, which would otherwise cause void formation 
in the following Cu electroplate process [20]. Firstly, the neutral deposition flux has a wide 
angular distribution, resulting in a deposition build-up on the feature corners known as the 
overhang and thus shadows the sidewall leading to poor step coverage. Secondly, the thin 
sidewall film tends to be discontinuous due to lack of nucleation sites and consequently causes 
island formation during the film growth. Thirdly, the adhesion of the Cu seed to the Ta(N) 
barrier can be weak due to the absence of chemical bonds between the two immiscible metals.  
Thus, a reduced neutral deposition flux and increased ion flux (especially the metal ion 
flux) to promote the nucleation, adhesion and re-sputtering is highly desired. Comparing with the 
conventional PVD, iPVD could significantly improves the bottom and sidewall coverage in the 
trenches and vias [19-22]. However, as the critical dimension of features continues to shrink, it 
would be more and more difficult for iPVD to keep up with the demand of high metal ion 
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fraction in the deposition flux. Therefore new solutions has to be found to improve the current 
iPVD processes. 
1.1.3 Directional Filtering: Long Throw and Collimated Sputtering 
 
 Throw distance is the target to sample distance in PVD systems. Currently most 
conventional PVD systems have a relatively short throw distance in order to achieve highest 
deposition rate possible, as a shorter throw could reduce the number of atoms that are lost to the 
chamber walls.[23,24,25] By increasing the throw distance it would increase the loss of the 
atoms that are moving laterally from the target or sample normal while keeping atoms that are 
moving normal to the sample the same, assuming the mean free path for these sputtered atoms 
are larger than the throw distance, and scattering would not occur. This is just simply a 
geometrical filtering and would result in an angular divergence cutoff of the deposition flux at 
the wafer surface. Traditionally the throw distance was about 25-30 cm for a reasonably high 
deposition rate but current PVD systems can have a throw distance twice as much of that. The 
mean free path requirement also requires that the chamber to be operating at pressure in the low 
10-4 Torr range, so that the mean free path is longer than the throw distance. This was also 
limitation for conventional magnetron systems in the past, but design and operational 
improvements could now overcome these problems nowadays.  
 Long throw iPVD deposition is also limited by a geometrical asymmetry problem. [26] 
For sample close to the centerline of the chamber, the angular distribution of the deposition flux 
is almost symmetric about the sample normal. However as the distance from the chamber 
centerline increase, the deposition flux will become more and more non-symmetric due to the 
larger area of the target to the center compared to that of the edge. The sidewall asymmetry could 
be up to 2 to 3 times thicker on the inward facing sidewall compared to that of the outward 
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facing sidewalls, and this ratio would increase as the aspect ratio increases. There are 
calculations and experiential studies on this issue but the only solution so far is to increase the 
throw distance and that would cause a lower deposition rate and gas scattering, and thus loss of 
directionality.[27,28,29] 
 In addition to the increased throw distance, the deposition flux can also be effectively 
filtered by a collimator between the target and the wafer. A collimator is a directional filter that 
would collect atoms that impinge on its walls.  Therefore only atoms moving in the direction that 
align with the chamber centerline could pass through, and atoms moving at an angle to the 
chamber centerline would be deposited onto the collimator when they hit the collimator surfaces. 
The degree of filtering could be controlled by the aspect ratio of the collimator cell and also the 
physical location of the collimator as well. By increasing the aspect ratio the half-angle of the 
cone that allows ions to transmit would decrease and the deposition rate would decrease by a 
factor of ~3 by increasing the aspect ratio by every one unit.  
 Designs of collimator also undergone many changes since their inception in the late 80s. 
The earlier design were made of solid Al or Cu plates and thousands of holes were then milled. 
The earlier designed were water cooled to absorb heat from the plasma and the depositing ions. 
Newer design have hexagonal holes that are spot welded in arrays. They can fit directly on to 
their mount and no water cooling is needed. Other materials such as Ti were also used to reduce 
thermal expansion and flaking during usage. The use of collimator was originally used for 
deposition of Ti to the bottom of vias, but it was also found later to be useful to be useful for 





Currently, the physics of DC gas discharge and metal target sputtering are well known and 
being applied in many semiconductor application. However, in order to ensure a perfectly 
uniform film characteristics across the whole wafer substrate, the transfer of the ions from the 
source to the substrate must be in an extremely well-controlled fashion. This could only be 
achieved if all the metal neutrals, metal ions and gas ions have all uniform distribution spatially. 
Another important factor for the deposition process is that the kinetic energy of the incoming 
ions will also affect the kinetics of the deposition and thus the characteristic of the films as well. 
Thus understanding both the flux and energy of both the ions and neutrals are critical to control 
the overall uniformity of the deposited film. 
The design of the gridded energy analyzer was laid out by J. Simpson in early 1960s.[44] 
The parallel plate analyzer was examined, along with other types such as the spherical 
condenser, the Faraday cage and the filter lens type analyzers. It was known that the device is 
effective only in analyzing the momentum in the perpendicular direction to the equipotential 
lines. The lens effect of the hole in the parallel plate was also discussed and it was shown to have 
a significant effect on the energy resolution, and the use of a mesh over the hole, which was 
technically difficult at the time, would prevent the loss of resolution. 
Quartz crystal microbalance (QCM) utilize the piezoelectric effect of a quartz crystal and its 
response when mass is added onto the crystal surface. In late 1950s Sauerbrey and Lostis noted 
that the change in frequency of a quartz crystal is related to the change in added material mass, 
by measuring the change in resonance frequency response the amount of material of material 
deposited on the quartz crystal could then be calculated.[45,46] This forms the basis of the 
modern QCM deposition measurement technique. 
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An in situ method for determining the flux ionization fraction requires a gridded energy 
analyzer (GEA) and a quartz crystal microbalance (QCM). The GEA is located above the QCM 
and is biased at a potential either to admit or to repel the ions in the plasma. This technique, 
which we employ, has been previously investigated by Rossnagel and Hopwood. [12,31] When 
the grids are biased negatively, both ions and neutrals produced in the system arrive at the QCM. 
When the grids are biased positively, higher than the plasma potential, only the neutrals reach the 
QCM. [12] These data are used to determine the ionization fraction of the metal flux received at 
the QCM. Green et al. [38] resolved the problem where the grids were only effective at low 
plasma densities and also improved the design by biasing the middle grid to repel high energy 
electrons in the plasma that could penetrate the first floating grid. Further improvements includes 
putting the QCM at substrate potentials to minimize the repulsion of incoming ions through the 
grids.  
With the critical dimension being sub-20nm currently and shrinking, a more precise control 
of the plasma during the deposition process is becoming more critical than ever to allow 
continuous improvement and shrinking of the transistors inside the device, and allow the industry 




Chapter 2 Ionization Fraction in iPVD Systems 
 
2.1 Past Research Studies 
 
2.1.1 iPVD Plasma Modelling 
 
 In any PVD or iPVD chamber, the film quality, deposition rate and also the in-feature 
performance are affected by both the ion flux and energy from the process plasma. Therefore a 
fundamental understanding of the plasma characteristics such as plasma electron density and 
temperature and also metal ion energy and metal ion fraction will be critical for the advancement 
of the iPVD process development.  By using computer simulation, process plasma characteristics 
in can be predicted in an efficient and cost effective manner. Lu and Kushner predicted the 
trench filling process of an iPVD chamber, using Cu as the magnetron target and Ar at 40mTorr. 
[32,33] Magnetron power was 0.3kW. The secondary plasma was generated by an ICP coil with 
1kW power between the magnetron and the substrate to increase ionization fraction of the 




Figure 2.1: Schematic of the simulation iPVD chamber. The chamber has a magnetron on 
top with Cu target and coils to increase ionization in the plasma [33] 
 
By considering the surface reaction mechanism between argon ion, silicon dioxide on the 
wafer, ground and excited states of copper atoms and also copper ions, using a Monte Carlo 
technique for the particles. Under their simulation conditions, it was shown that the majority of 
the flux reaching their substrate was in the form of Cu ions and there were more Cu neutrals in 
the excited states than Cu neutrals in the ground state. (Fig 2.2) The Cu ions and excited states 
Cu neutrals were also simulated. The spread in Cu ion energy was primarily due to the plasma 
potential oscillation by the RF coil and also the collisional broadening in the pre-sheath. (Fig 2.3) 
 
Figure 2.2: Simulated Cu flux to the substrate, showing the majority of the Cu flux is in the 




Figure 2.3: Simulated energy and angular distribution for incident Cu+ and Cu*. [32] 
 With a similar hybrid Monte Carlo and fluid model technique, Juliano at el. also modeled 
a 200mm iPVD system.[34] The high energy particles were simulated using the Monte Carlo 
model while the lower energy atoms were simulated using the fluid model. By using this hybrid 
model the limitations of either a purely Monte Carlo or purely fluid model. With this model, 
plasma potential, ionization fraction and total flux at the substrate were simulated and compared 
with experimental data. 
 
Figure 2.4: Plasma potential (left) and ionization fraction (right) simulated for a 200 mm  
iPVD system .The peak plasma potential is at 30V and each contours are at 0.1V, sheath 




Figure 2.5: Field and bottom deposition thickness with varying Cu metal ion fraction (left) 
and deposition profile in the trench with varying Cu metal ion fraction (right). 
 Using a deposition simulation program developed by Phillip Stout, the deposition 
thickness at the field and bottom of the trench, as well as the deposition profile inside the trench 
could be simulated. From fig 2.5 with an increasing copper metal ion fraction, the bottom 
deposition thickness increases while the field thickness stays constant as expected. There is also 
little depositions at the sidewalls as there was little to none re-sputtering at the ion energy 
simulated. The copper ion energy distribution and the trench geometry profile at the beginning of 
simulation are also shown in fig 2.6 below. 
 
Figure 2.6: Copper energy distribution (left) and trench profile before deposition used in 




2.1.2 In-situ Ionization Fraction Measurement 
  
As iPVD systems become more complicated, it is more difficult in general to rely on 
computer simulation modelling as they have difficulty predicting the exact plasma characteristics 
on the wafer surface. Thus a direct characterization of the ionization fraction, ion energy 
distribution and other plasma parameters is highly desired. An in-situ measurement would be 
preferred as it could give relatively good estimate of the ionization fraction and does not require 
substantial space around the deposition tool. The setup consist of a gridded energy analyzer 
(GEA) combined with a quartz crystal microbalance (QCM). (Fig 2.7)[35] It can measure 
different particle flux including argon ions, argon neutrals, metal ions and metal neutrals. The 
top grid is normally floating and is used to prevent plasma penetration into the analyzer. The 
middle grid is negatively biased to repel the remaining high energy electrons. By measuring at 
the deposition rate of the QCM when the ion repeller grid is set to a positive voltage, the metal 
neutral flux could be measured since all the metal ions are being repelled when it is positively 
biased. The total metal flux (metal neutral and ion) could be measured by QCM deposition rate 
when the ion repeller grid is biased negatively, allowing both metal ions and neutrals to be 
deposited on the QCM crystal. The total ion flux (argon ion and metal ion) can be calculated by 
the current collected as the ion repeller grid.  
Generally, there are two ratios of interest in the iPVD deposition system: ionization 
fraction and argon to metal ratio. The ionization fraction is defined as the metal (Cu) ion flux 
over total metal flux (I. F. =
𝜑 𝐶𝑜𝑝𝑝𝑒𝑟 𝑖𝑜𝑛
𝜑𝐶𝑜𝑝𝑝𝑒𝑟 𝑖𝑜𝑛 +𝜑 𝐶𝑜𝑝𝑝𝑒𝑟 𝑛𝑒𝑢𝑡𝑟𝑎𝑙
) , and the metal to argon ion ratio is the 









By varying the bias on the bottom grid and the value of the fluxes, these two ratio can be 
calculated. 
 
Figure 2.7: Cross section schematic of the GEA/QCM setup. 
 Since the introduction of this diagnostic, many modification to the setup was 
implemented in order to improve the design and address some of issues. Bohm address problems 
with poor analyzer design with respect to choice of grid material and dimensions.[36] Green at 
al. improved the analyzer performance by employing a three grid design, this reduce the plasma 
penetration issue that Rossnagel and Hopwood experienced when measuring deposition rate of 
metal fluxes.[37,12 ,38] The analyzer only worked in low plasma density as the plasma was 
penetrating through the grid into the analyzer. Ionization fraction has also been further calibrated 




Figure 2.8: Geometric factor for Green’s GEA setup (referred as experiment in figure),  
as well as for trench and hole feature at 3 mTorr and 35 mTorr. [38] 
With a setup similar to Green’s, Wu at el. [35] demonstrated a novel method measuring 
the ion fraction for a 300 mm wafer inside a hollow cathode magnetron (HCM) source using 
three analyzer simultaneous on a ceramic plate. The three QCM/GEA analyzer setup will 
measure ion fraction at center (0 mm), mid radius (75 mm) and edge (150 mm) independently, 
showing the variation of the process plasma across the wafer radius. (Fig 2.9)  Also as shown in 
fig 2.10 the copper ion fraction measured was around 30% higher at the center than that at the 
edge of the wafer, while the Ar ion/Cu ion ratio remained constant across. This showed that the 
Cu ions and Ar ions in the process plasma followed essentially the same trajectory in the 
chamber with the applied electrical and magnetic fields.  
 
Figure 2.9: Cross sectional schematic of the center, mid radius and edge QCM/GEA 





Figure 2.10: Copper ionization fraction and Ar+/Cu+ ratio in the 300 mm HCM chamber. 
[35] 
 
 If the bias on the ion repeller grid were varied from negative to positive gradually, the ion 
energy distribution (IED) could also be obtained with the GEA setup. Hayden at el. measured 
IED for both argon and oxygen plasma as a function of axial position. [39] Argon exhibited an 
DC like sheath behavior and the peak ion energy drops as distance from plasma increases, while 
oxygen displayed a bi-modal behavior due to the formation of double layer, separates the plasma 
region into two by a sheath potential, hence the IED of oxygen does not follow the trend of 




Figure 2.11: IED as a function of axial for Ar (upper) and O2 (lower) with 300W 13.56MHz 
RF power. [39] 
 





2.1.3 Other methods for Ionization Fraction Measurement 
 
  Other methods, such as absorption spectroscopy and energy resolved mass 
spectrometry, could be used to measure metal ion fraction as well. Abelson at el. was able to 
determine the ionization fraction and ion energy during reactive magnetron sputtering, with a Ti 
target and both argon and nitrogen as the processing gas, using a dual modulation mass 
spectroscopy (DMMS). One drawback of this method is that the DMMS requires substantial 
space for both in-situ and ex-situ operations, making it very difficult to be compatible with an 
industrial production iPVD system. [40] 
 





2.1.4 Remaining Concerns 
 
 After a brief review of some of the past studies on obtaining ionization fraction in iPVD 
systems, it can be seen that an accurate measurement of the ionization fraction in the iPVD 
processing plasma is critical towards developing the next generation iPVD industrial processing 
tool. Also the design of the GEA/QCM analyzer still have a large room for improvement for it to 
be fully compatible in the real deposition process environment. 
 Firstly, in the current generation of iPVD tools, there are electromagnetic coils at the 
outside of the chamber between the magnetron and the wafer pedestal. They can be located close 
to the magnetron at the top, the pedestal at the bottom or in the middle of the throw between 
target and wafer. The purpose of these coils are to change the strength and the shape of the 
magnetic field lines inside the iPVD chamber so that the ions will follow the electrons along 
these magnetic field lines and reach the wafer surface. This can both increase deposition rate and 
ion directionality. However these coils are also sources of electromagnetic noise to the QCM and 
will affect its accuracy during measurement. 
 Secondly, the current GEA/QCM setup cannot distinguish ions coming from various 
angles. Ions coming through the plasma sheath are almost normal to the wafer surface, as there is 
a strong electric field acceleration through the sheath as the ions passing through it. As such, the 
ion angle variation usually be fairly small and usually will not exceed 10 degrees. However as 
the feature dimension on the wafer continues to shrink at each technology node, it is becoming 
harder to deposit film down to the bottom of the feature as the feature aspect ratio continues to 
increase. Therefore it is important to differentiate incoming ion angles to allow better tuning of 
the magnetic field lines inside the chamber and progress towards the next generation iPVD tools. 
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 Lastly, the wafer pedestal is usually RF biased during deposition process, this allows for 
ion energy control during deposition as well as re-sputtering of the bottom film materials to 
allow for better sidewall coverage. As the RF frequency is close to the QCM crystal’s natural 
vibrational frequency, it will interfere with the QCM severely during measurement, causing large 
measurement errors or even completely blocking the signal transmission between the QCM 
crystal and its controller. 
  
2.2 Thesis Statement 
 
 In this work, a QCM/GEA analyzer probe is designed for use in Applied Materials Inc. 
(AMAT) metal deposition chamber. The probe was first build and tested in University of Illinois 
at Center of Plasma Materials Interaction in a chamber that has similar process condition as the 
chamber in AMAT.  The probe is developed to measure angular distribution of ions, and it is 
capable to be mounted at different location at the wafer plane, distinguish between metal and 




Chapter 3 Experimental Setup 
 
3.1 Chamber Tools and Diagnostics 
 
3.1.1 Applied Materials Endura PVD Tool 
 
 The preliminary data shown below are obtained from Applied Materials Endura tool. It is 
basically a modified magnetron sputtering system. The schematic of the Endura tool are: (1) DC 
Magnetron with computer programmable control motion of the magnet pack behind the target. 
(2) RF biasing on the wafer pedestal with shuttle above. (3) Electromagnetic coils around the DC 
magnetron, wafer pedestal and in between target and the wafer pedestal. (4) Deposition 
parameters such as gas flow rate, bias power, target power, magnet motion profile and 
electromagnetic coil current can be individually adjusted during the deposition process. (5) 
Multiple target materials, including copper, aluminum and cobalt can be deposited in this tool by 
simply replacing the target. Therefore capital cost for iPVD process can be reduced by avoiding 
the need for multiple deposition systems. 
 
 Figure 3.1: Schematic of the AMAT Endura sputtering tool. 
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3.1.2  MRC Galaxy Planar Magnetron Tool  
 
 This work has been continued in the University of Illinois using the MRC Galaxy 
sputtering tool. It has a 36 cm (14in) diameter circular planar magnetron. Planar magnetron is 
commonly used in many applications since it has a relatively simple magnetic field 
configuration. Target materials available includes titanium (Ti), aluminum (Al), tantalum (Ta) 
and copper (Cu). In this work the water cooled copper target was used. The distance between the 
target and substrate is usually fixed at around 150 mm but it could be adjustable through the 
pedestal height. The pedestal could also be biased with DC or RF power supplies. A rotatable 4 
inch magnet assembly from Applied Materials was mounted behind the target. (Fig.3.2) The 
magnet pack assembly was rotating at a constant radius of around 4 inches at a frequency of 
60rpm (1 Hz). A turbo pump was connected to the chamber to achieve a bas pressure below 3 x 
10-6 Torr.  Ultra-high purity argon (Ar) was supplied and controlled with a mass flow controller 
and a pneumatic valve to achieve process pressure from 1 to 15 mTorr, and the pressure was 
monitored with a capacitance manometer. A picture of the chamber is shown in fig 3.3. 
 




Fig 3.3: Picture of the Galaxy chamber setup side view and the chamber system controls. 
 
Fig 3.4: 14 inch high purity Cu target with erosion pattern shown. 
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 Sputtering target used in the galaxy chamber are 14 inch diameter planer target supplied 
from Material Research Corporation (MRC).(Fig 3.4) It has an integrated cooling channel and 
backing plate design which bonds the Al cooling channel plate and the Al backing plate with 
indium and AF-191 epoxy supplied from 3M Company. The cooling channels in the target 
would promote highly turbulent flow with a Reynold number of at least 4000. 
The distance between the target and the pedestal is around 650mm. The chamber walls 
and target holding ring are water cooled during operation. Typical total cooling water flow 
during operation is around 4 gpm (gallon per minute) and temperature of both the target and the 
chamber are monitored using K-type thermocouples. Also a collimator could be installed in the 
chamber to vary flux ratios inside the chamber. The current collimator design has an aspect ratio 
of 1 with 2” by 2” square cell design. 
 The power of the magnetron is supplied by two units of Advanced Energy Pinnacle 
Series DC magnetron power supplies. (Fig 3.5) Each unit is capable of producing up to 20kW 
power and can be connected in master-slave configurations to increase total power output. The 
power supplies are power regulated and is capable of producing an ignition pulse of up to 1500V 
during turn on to help facilitate the initial ignition of the plasma. In the galaxy chamber a 1:1 








Fig 3.6: Operating envelop of the 20kW Advanced Energy Pinnacle Power Supply. [43]  
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3.1.3 GEA/QCM Assembly 
 
 In the preliminary study of ionization fraction in Applied Materials chamber, a gridded 
energy analyzer combined with a quartz crystal microbalance sensor was used for the 
measurement. The schematic of the sensor is shown previously in fig 2.7. It basically consist of 
three grids for the GEA with an even spacing of 0.3 inch, on top of the dual QCM sensor. The 
top mesh grid is at the same potential as the wafer surface, either at floating potential or RF bias 
potential, depending on the process condition. The purpose of this grid is to avoid plasma 
penetration into the analyzer, as the surface of the grid will be charged negatively and repel most 
of the electron in the plasma. The middle grid (electron repeller grid) is usually biased negatively 
to around -50V in AMAT chamber to ensure the high energy electrons that passed through the 
first grid will be repelled and no electron penetration beyond this grid. The bottom grid (ion 
repeller) grid is biased with an adjustable voltage between -150V to +30V to either repel the ions 
or allowing the ions to pass through and reach the QCM. In this way the total deposition flux of 
Cu ions and Cu atoms, or Cu atoms only can be measured and hence the ionization fraction can 
be determined. The ration between Ar ions and Cu ions can be determined by measuring the 
current at the ion repeller grid. By varying the ion repeller grid voltage, ion energy distribution 
can also be measured with this setup. A typical deposition rate with varying ion repeller bias 
measurement is shown in fig 3.7. [40] 
For the dual QCM sensors, one is directly under the GEA for deposition measurements 
while the other is constantly covered to compensate for temperature variations. From the 












Figure 3.7: Typical QCM deposition measurement data with bottom grid bias scan. [40] 
 
Pictures of the analyzer setup used in measuring preliminary ionization fraction data in 
AMAT is shown in fig 3.8.  All the GEA and QCM cables were Kapton insulated to prevent 
arcing in the plasma during operation. 10-32 male connector crimp/solder attachment for RG174, 
RG316, RG188 (Pasternack PE44351) are used to connect between the QCM and the vacuum 
BNC feedthrough with a 10-32 to BNC adaptor. The braided ground on the QCM were also 
stripped to allow RF biasing and prevent shorting of the power supply when bias was applied. 
Alumina ceramic beads are also inserted between the kapton wire and the ground braiding to 
increase the maximum operating temperature during measurement. Inficon SQM-160 deposition 
monitor is used for measuring deposition rate during sputter deposition. Resolution for the SQM-
160 unit could be as small as 0.1 Å in high resolution mode settings. The GEA/QCM setup used 
in the galaxy chamber and the kapton QCM cable with alumina beads and ground shield is 








flux only (ions are 













Figure 3.8: Picture of the GEA/QCM setup, the wires are all Kapton insulated to prevent 
arcing. 
 
Fig 3.9: SQM-160 QCM deposition monitor used for deposition and ionization fraction 











Figure 3.10: Picture of the GEA/QCM setup with connecting kapton wires and alumina 





3.1.4 GEA/QCM Setup with Angular Resolution 
 
 The new modified GEA/QCM setup is built to enable the measurement of angular metal 
ion, metal neutral and argon ion fluxes during deposition. The setup allows for a two axis 
control, one for the angular measurement inside the GEA/QCM sensor and the other allow the 
sensor setup to move radially inside the chamber without breaking vacuum. Both motion axis is 
regulated through a vacuum feedthrough with a NEMA 17 (1.67”) stepper motor (Lin 
Engineering 4118S-62) with a 100:1 gearbox for the angular measurement axis and with a 10:1 
gearbox on the radial axis. The minimum step angle for the motor is 1.8 degrees. The stepper 
motor and gearbox of each axis is each controlled with a single axis controller and driver (Lin 
Engineering R356) with a maximum driving current of 3 Amps. The whole setup is surrounded 
with 316 stainless steel casing and shim to prevent electrical and magnetic interferences. 
Electrical wire and QCM openings are further covered with aluminum foil to prevent EM field 
penetration into the setup through the opening or panel seams.  
 
 






 Inside the GEA/QCM the setup is similar to the one described in section 2.1.2 with the 
modification that an angle selector is added, and the whole GEA and QCM unit except the top 
grid is now able to rotate around 10 degrees, both positively and negatively, to measure angular 
distribution of particle fluxes. This is enabled by mounting the setup to a rotational shaft and a 
ball bearing (green circle). The rotational shaft would support the weight of the setup while the 
ball bearing allows the setup to rotate frictionless around the shaft axis. The angle of rotation is 
monitored by an optical encoder. 
 
Figure 3.12: GEA/QCM cross section view showing the inner setup of the sensor and the 




Figure 3.13: GEA/QCM cross section view showing the cross sectional view and dimensions 
of the sensor. 
 
 The angle selector in the sensor setup has a high 100:1 aspect ratio to allow for 1 degree 
angular resolution for the particle fluxes. It is made by connecting two copper block on each side 
of the angle selector with two dowel pins. The dowel pins would have a slight interference fit to 
the u block to ensure tight fit and perfect alignment of the copper blocks at the two ends. The 
copper block is machined with 500um holes in a Cartesian pattern in a circle of a radius of 
around 1.1 inches, using an automated high speed drill running at 30-35krpm. The design 
ensured that when particle enters the angle selector unit the local pressure would not be increased 
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dramatically and change the local pressure as the atom is passing through the selector. The 
outside of the angle selector is covered with copper shim to prevent material entering from the 
side of the setup. 
 
 
Figure 3.14: Picture of the angle selector with outside shim removed (left) and the 
schematic of the setup (right). 
 
 Each of the two motion axis is controlled by a NEMA 17 stepper motor and a reduction 
gearbox to decrease step angle and increase rotational torque. The decrease in step angle ensures 
a higher resolution of the angle especially when measuring angle resolution of the particle fluxes, 
while the increase in rotational torque gives a higher precision as the weight of the setup will be 
less likely to offset the motor to a different position. Maximum torque output of the stepper 
motor is rated to 4800 oz-in with a 36V DC power supply at 3 Amps. The lubricating grease 
inside the gearbox are replaced with Dow Corning high vacuum grease in order to allow 
operation in vacuum environments. No measurable changes in vacuum base pressure were 




Figure 3.15: Schematic of the stepper motor and gearbox attachment on the sensor setup 
(left) and pictures of the stepper motor and gearbox (right). 
 
 The optical encoder used (MicroE systems M1550V) is a vacuum compatible setup 
which consist of the optical sensor (M1550V-04) and a rotary grating with 20um with inside 
index (R3213). The sensor is rated for 16384 counts per revolution which translates to 
383urad/count (0.02 degree/count) and with a rated maximum speed of 5273rpm. The grating is 
of 1.25” OD, 0.5” ID and thickness of 0.09” with mercury reflective coating. The optical sensor 
is controlled through a quadrature encoder (Protura P201-15R) to the readout on a computer. The 
zero position of the encoder is verified when the GEA/QCM setup is open and with a mini level 






Figure 3.16: Optical encoder setup with quadrature encoder connected (left) and the 




3.2 Ionization Fraction Study in AMAT Chamber 
 
 The first step towards measuring the ionization fraction in any deposition chamber is to 
define the bias for both the ion repeller and electron repeller for subsequent test conditions. (Fig 
3.17) In order to define the grid bias for the ion repeller the voltage of the grid was scanned from 
a negative voltage of around -150V to a positive voltage around 90V. The deposition thickness is 
expected to increase when the grid bias was moved from positive to negative, since it will repel 
ions at positive bias and allow ions to deposit on the QCM when biased negatively. The 
deposition will saturate both at the negative and positive end as well. The saturation at the 
positive end corresponds to all ions being repelled from the grid and the saturation at the 
negative end corresponds to all ions being allowed to pass through the grid.  
 
Figure 3.17: QCM deposition thickness with varying ion repeller grid bias. 
. 
 In order to define the bias for the electron repeller, the deposition rate of the QCM versus 




















Ion Repeller Bias (V)
Deposition Thickness w/ varing Ion Repeller Bias
Ion and neutral 
flux 
Neutral flux only 
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0V and +45V while fixing the ion repeller grid at -150V to achieve maximum deposition rate for 
each conditions. From the figure the deposition rate of +45V bias is significantly lower than the 
other settings, as a positive voltage attract electrons and repel incoming ions. The -50V curve 
and 0V curve were close to each other suggesting that the fraction of high energy electron in the 
processing plasma is very low. This is expected since the electron energy in an iPVD chamber is 
usually on the order of few eVs. With a Maxwellian distribution there should be only few 
electron that has high enough energy to penetrate the first grid. From this result -50V was used as 














Figure 3.18: QCM deposition thickness with varying electron repeller grid bias. 
 
With the ion repeller and electron repeller grid bias voltage defined, ionization fraction of 
different recipe setting can now be measured. The first study focused on the magnet motion of 
the magnet pack of the magnetron above the target. The computer controlled motion can allow 
the magnet to rotate either in fixed radius (R=0/2.5/4.5”) or have the rotation radius varies over 
Middle Grid Bias Study 
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time, called a profile motion (P5).  The ionization fraction of R=2.5”, R=4.5” and P5 motion 
were measured. As shown in fig 3.19 the ionization fraction is higher on P5 than on R=4.5”, but 
the ionization fraction is lower at R=2.5”. The deposition thickness with R=6.7” was noisy, so 




















Figure 3.19: Ionization fraction with different magnetron magnet motions. Geometric 
factor correction will be discussed in detail in section 3.3. 
 R4.5’’ P5 R2.5’’ (fig 3.17) 
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Figure 3.20: Ionization fraction with different upper electromagnetic coil settings. 
  
The next study concerned about the different setting of the upper electromagnetic coil 
(upper EM). The upper EM is located close to the target on the outside of the chamber, by 
varying the current to the upper EM the magnetic field topology around the magnetron area can 
 -20A 0 10A 20A 
Ion fraction 53±3% 65±3% 60±3% 63±3% 
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be modified, allowing for deposition rate and ion energy control to some extent. From the 
QCM/GEA analyzer measurements the ionization fraction was highest when there was no upper 
EM current and the ionization fraction was highest when the upper EM current is -20Amps, as 
shown in fig. 3.20. 
3.3 Geometric Factor Calibration 
  
 In the current GEA/QCM analyzer setup, the QCM sensor is located in a well inside the 
GEA casing. Ions reaching the wafer sensor surface are directional across the plasma sheath, 
while the neutral atoms are not. In order to compensate for the reduced neutral flux at the bottom 
of the well, the geometric factor is introduced to compensate the differences in ion to neutral flux 
ratio at the bottom of QCM compared to that on the wafer surface. In the calculation the ion and 
neutral fluxes are assumed to be uniform across the sensor area. All ions reaching the surface are 
reaching the surface are at normal incidence, meaning the geometric factor for ions equals to 
unity. Also at the processing pressure (0.1mTorr), no collisions between target and the substrate 






Figure 3.21: Schematic of QCM sensor location and GEA half angle for neutral species. 
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The geometric factor G is then defines as the ratio of the solid angle of neutral seen from the 
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Here 𝜃𝑚𝑖𝑛 is the smaller of the GEA half angle or target half angle. The target half angle 
θ𝑇 is the half cone angle from the center of QCM to the edge of the chamber target. Assuming 
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the flux are uniform from the target, then the neutral flux is limited by the smaller of the GEA 
half angle or the target half angle, as shown in fig 3.22. 
 






Figure 3.23: Geometric factor versus throw distance for Applied Materials iPVD Chamber. 
  
Limited by GEA 
geometry 




The geometric factor versus different throw distances are shown in fig 3.23. The 
geometric factor is limited by the geometry and design of the GEA analyzer below 350mm throw 
distance for the current design, and this cutoff is also dependent on the GEA design itself. At this 
region the sidewall of the GEA is limiting the amount of neutral that the GEA would collect 
from the deposition flux from the target. For throw distance beyond 350mm, geometric factor is 
dependent on the throw distance and slowly increases as the throw distance increases. In this 
regime the GEA could collect deposition flux coming from any point from the sputter target, but 
some of the flux from the target, but there is a slight difference in the angular range that the 
target flux that would reach the top of the GEA and the bottom of the GEA, thus the geometric 
factor in this regime is close to but not equal to unity. 
 
3.4 Cu+/ (Cu++Ar+) Fraction  
 The grids on the GEA are made of 304 stainless steel. For the potential difference 
between the middle and the bottom grids, the second electron emission coefficient 𝛾 is about 
0.5±0.05. [40] At this energy range the coefficient is almost independent of incident angle and 
between copper and stainless steel. This coefficient, although not needed for the ionization 
fraction calculations above, will be needed for argon to copper ion fraction calculations. To 






From that the total argon and copper ion flux above the QCM can be calculated. As the bottom 




𝑇𝑜𝑡𝑎𝑙 𝑖𝑜𝑛 𝑓𝑙𝑢𝑥 𝑎𝑏𝑜𝑣𝑒 𝑄𝐶𝑀 
= 𝑅𝑒𝑎𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ∗ 𝑡𝑖𝑚𝑒 ∗ 𝑎𝑟𝑒𝑎 𝑟𝑎𝑡𝑖𝑜 ÷ 𝑤𝑖𝑟𝑒 𝑎𝑟𝑒𝑎 = (𝐶𝑢+ + 𝐴𝑟+)𝑖𝑜𝑛𝑠 










where  I= measured current [Amps] 
 e=electric charge constant  
 γ=secondary electron emission coefficient 
 t=deposition time [s] 
 RQCM=Radius of QCM crystals [cm] 
 RGrid=Radius of bottom grid [cm] 
 TGrid= Transparency of bottom grid  
   
The copper ion flux can be found by the deposition thickness on the QCM due to copper ion 
only. The QCM crystal is 0.4 mm in radius, hence 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑢+ 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝑜𝑛 𝑄𝐶𝑀 
= 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 ∗ 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑑𝑢𝑒 𝑡𝑜 𝐶𝑢+𝑖𝑜𝑛 𝑜𝑛𝑙𝑦  
 
# 𝑜𝑓𝐶𝑢+ 𝑖𝑜𝑛𝑠 𝑜𝑛 𝑄𝐶𝑀 = 𝑚𝑎𝑠𝑠 ∗ 𝑣𝑜𝑙/𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
 
# 𝑜𝑓𝐶𝑢+ 𝑖𝑜𝑛𝑠 𝑎𝑡 𝑏𝑜𝑡𝑡𝑜𝑚 𝑔𝑟𝑖𝑑 =
# 𝑜𝑓𝐶𝑢+ 𝑖𝑜𝑛𝑠 𝑜𝑛 𝑄𝐶𝑀
𝑔𝑟𝑖𝑑 𝑜𝑝𝑒𝑛 𝑎𝑟𝑒𝑎
  





where   RQCM=Radius of QCM crystals [cm] 
 d--d+= deposition rate differences between negative and positive bottom grid bias [cm/s] 
 t= deposition time [s] 
 NA=Avogadro’s number [mol
-1] 
 ρCu=density of copper [g/cm
3] 
 A= atomic mass of copper [g/mol] 
 TGrid= Transparency of bottom grid  
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Therefore the Cu+/Ar+ ratio, 
𝐶𝑢+
(𝐶𝑢++𝐴𝑟+)
















For the data shown in figure 3.12, the (Cu++Ar+) ratio was calculated to be 0.546. Copper 
ion flux is significant in the total ion flux in the depositing ion flux, as the processing pressure is 




Chapter 4 Challenges for Cu+/ (Cu++Ar+) fraction and Cu+/ (Cu++Cu0) 
fraction measurements 
 
 In order to determine the Cu+/ (Cu++Ar+) ratio, both the QCM and grid current data will 
be needed. One of the main challenges for getting an accurate measurement of the ratio is to 
determine the current from the bottom grid accurately. (Fig 4.1) Noise from the magnetron 
plasma could induce electric current in the measurement connections and create an overestimate 
or underestimate of the actual current value depending on the direction of the current induced. 
Unfortunately, in the kW power range that is used for physical vapor deposition industrially the 
magnitude of the noise is around the same as the magnitude of the total (Ar+Cu) ion flux in the 
micro ampere range. Therefore it is important to minimize the noise pickup from the connecting 
cables in order to obtain an accurate measurement of the ratios. 
 
Figure 4.1: Noise frequencies at different magnetron power in galaxy chamber. 
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4.1 Determining Cu+/ (Cu++Ar+) Fraction 
 First, in order to minimize interference, a metal casing is made to surround the whole 
GEA/QCM setup, leaving openings only for necessary connectors such as grid bias cables and 
QCM cables. In order to determine the noise level and the current picked up from the connecting 
cables to the grids, different materials are placed on top of the GEA/QCM sensor and the current 
of the bottom grid, where the current is used for determining the Cu+/(Cu++Ar+) ratio, is 
measured as shown in fig 4.2. There are four materials chosen for this test, they are: quartz, 
borosilicate glass, Teflon, and 316 stainless steel. These materials are chosen because they would 
allow entrance of different signals into the GEA sensor. The quartz plate would allow both 
ultraviolet photons and visible photons to pass through while the borosilicate glass would only 
allow visible photon to get through. The Teflon plate is not transparent to any ultraviolet or 
visible photons but it is transparent to radio frequency signals. Lastly the 316 stainless steel plate 
would completely close the opening on the top of the setup and make the sensor effectively 
shielded by a faraday cage. The quartz and borosilicate glass plates were new before the start of 
the experiments as copper deposition would obviously changes the transparency of the plate 
during the test. By measuring the bottom grid current with these materials, the contributors of the 
noise and the components that it affects could be revealed, and designs could be modified to 






Figure 4.2: Quartz plate placed on top of the GEA/QCM sensor setup. 
  
 When the bottom grid is biased negatively, no current were observed in any of the four 
materials. However, when the grid is biased positively, measurable current were measured 
instead. As shown in fig 4.3, current measured increases with power for all four materials, with 
quartz has a slightly higher current throughout most of the power ranges. The fact that the quart 
plate setup registered a higher value suggested there may be some photoelectric effect induced 
on the grid above (middle grid). With the other three setups, including the stainless steel plate 
which should have shielded the setup, having the same measured current through the magnetron 
power range, it suggested that the noise could be affecting and inducing current outside the 
sensor setup inside the chamber, namely the connecting cables that connects between the grids 




Figure 4.3: Electron current measured when bottom grid is biased positively, with different 
plate covering the GEA/QCM setup. 
 
 
 Few cable configurations were arranged and tested to see the relationship between cable 
configurations and measured current at the bottom GEA grid, as shown in fig 4.4. Once again in 
all these configurations no current were registered when the grid is biased negatively, but 
configuration 1 through 4 has induced current when biased positively. Configuration 5 showed 
no current with both positive and negative bias, and it also has one opening end which allows for 
the sensor to be connected as well. This cable configuration allows for the minimization of the 
induced current from the noise from the chamber and therefore all the bias cables for both grids 





Figure 4.4: Different grid bias cable configurations used for testing the effect of cable 




 In order to confirm that the cable setup did minimize the noise induced current in the bias 
cables, two sets of GEA sensors were placed side by side at the same radius from the center of 
the pedestal, one with a boron nitride (BN) plate installed in place of the top grid (Fig 4.5). The 
boron nitride plate will allows only electromagnetic signals to pass through while blocking all 
particle signals from reaching the grids. The BN plate is also machined to have slots with reverse 
tapers so that the sidewalls are protected from copper deposition and prevent the whole BN 
surface being metalized with copper. The cross sectional schematics and the pictures of both 




Figure 4.5: Schematic (left) and picture (right) of the GEA setup with and without the BN 
plate installed. 
 




 Both setups with and without the BN plate were bias to the same bias, with separate 
power supplies to obtain measurements independently of each setup. The setup with no BN plate 
registered current from both positive and negative bias from copper and argon fluxes as 
expected, while the setup with BN plate showed no signal with either positive or negative bias on 
the bottom grid, indicating that is no EM signals registered either the sensor or the connecting 
cables.(Fig 4.7)  Both setup were tested with multiple radius locations between center and the 
circumference of the pedestal and the setup with BN plate did not register any current along any 
radial positions. 
 
Figure 4.7: Geometric factor versus throw distance for Applied Materials iPVD Chamber. 
 
4.2 QCM data with frequency fitting 
 The QCM controller is capable of communicating and exporting deposition thickness to 
the computer connected in the form of txt files. It contains deposition parameters such as 
deposition thickness, deposition rate and crystal frequencies of the sensors over time. In normal 
situations where deposition thickness is much higher than the deposition thickness resolution, 
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one could directly plot the thickness data over time and calculate the deposition rate by getting 
the slope of the best fit of the data. However, the controller could only export sensor thickness 
with three decimal places maximum and thus as the deposition rate decreases the error associated 
with the slope of the best fit would increase. When the deposition rate is low enough one would 
see step increases of the thickness instead of a continuous increase in thickness (fig 4.8). This is 
especially true in the low magnetron power conditions where deposition rate is the lowest. Thus, 
an improved method is used to calculate the material thickness deposited on the QCM sensors, 
by using the frequencies data from both QCM sensors. Since frequency of crystal is a direct 
measurement, it can be measured by the QCM controller very accurately to within 0.1Hz and 
hence, by using the crystal frequency to calculate the deposited thickness on the crystal, the 
thickness value could be determined much more accurately and the error associated with the 
QCM measurement would be greatly reduced. 
 
Figure 4.8: Film thickness plot versus time with thickness data from QCM (left) and 




 In order to convert from measured frequency data from the QCM output to thickness, one 






and proportional constant 
 
The proportional constant K depends on the frequency constant of the crystal, density of the 





4.3 Error Propagation 
 The error for both the Cu+/ (Cu++Ar+) and Cu+/ (Cu++Cu0) ratios are calculated with the 





𝑇𝑓 = 𝐹𝑖𝑙𝑚 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 [𝑐𝑚] 
𝐾 = 𝑁𝑎𝑡𝑑𝑞/𝐹𝑞
2 
𝑁𝑎𝑡 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑓 𝐴𝑇 𝑐𝑢𝑡 𝑞𝑢𝑎𝑟𝑡𝑧 [𝐻𝑧] = 166100 
𝑑𝑞 = 𝑄𝑢𝑎𝑟𝑡𝑧 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [
𝑔
𝑐𝑚3
] = 2.649 
𝐹𝑞 = 𝑈𝑛𝑐𝑜𝑎𝑡𝑒𝑑 𝑞𝑢𝑎𝑟𝑡𝑧 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦[𝐻𝑧] = 6𝑀𝐻𝑧 
Thus,  by substituting the above values, for 1Å deposition (10−8cm),  Δf = 7.306 Hz 
𝑑𝑓 = 𝐹𝑖𝑙𝑚 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐶𝑢) [
𝑔
𝑐𝑚3














Thus the standard deviation is:  
  
 
To illustrate, a deposition rate of 3.12E-5 kÅ/sec when bottom grid is biased positive, and 








3.59 × 10−5 − 3.12 × 10−5
3.59 × 10−5
= 0.132 = 13.2% 
 
Also , 𝜎d− = 5.69 × 10
−8 kÅ/sec and 𝜎d+ = 4 × 10
−8 kÅ/sec from three slope data measurements. 

































𝐶𝑢+𝑑𝑒𝑝 𝑟𝑎𝑡𝑒 = (𝐶𝑢+ + 𝐶𝑢0)𝑑𝑒𝑝 𝑟𝑎𝑡𝑒 − 𝐶𝑢0 𝑑𝑒𝑝 𝑟𝑎    





























(4 × 10−8)2 
= √1.897 × 10−6 + 1.24 × 10−6 = 1.77 × 10−3 
 






































                                 = 𝐾
(𝑑− − 𝑑+)(1 + 𝛾)
𝐼
, 𝑤ℎ𝑒𝑟𝑒 𝐾 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
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And the standard deviation for the ratio would be: 
 
 
Using the same measurement condition as for copper ion to neutral fraction above, current was 

























77.09 × 103 × (3.59 − 3.12) × 10−5 × 10−5 × (1 + 0.5)
1.3 × 10−5

















































, as the 𝜎𝛾





Current measurement error is half of smallest division on analog ammeter, 𝜎𝐼 = 5.0 × 10
−7 
Amp/sec, thus 
𝜎 (𝐴𝑟𝑔𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛) =  
𝐾
𝐼
√(1 + 𝛾)2(𝜎d−)2 + (1 + 𝛾)2(𝜎d+)2 + (








√(1 + 0.5)2(5.69 × 10−8 × 10−5)2 + (1 + 0.5)2(4 × 10−8 × 10−5)2 + (




(5.0 × 10−7)2 
=
77.09 × 103 × 10−5
1.3 × 10−5











To process the experimental data with error more efficiently, an excel program is created 
to automate the calculation of the relative error of the copper ion to neutral fraction and copper to 
argon fraction, as shown in fig 4.9. A detail example of value in each individual column is also 





Figure 4.9: Screen shots for the excel program to calculate copper ion ratio and copper to 








Figure 4.9(cont.): Screen shots for the excel program to calculate copper ion ratio and 


















Chapter 5 Results 
 
5.1 Cu0 Flux 
 
Figure 5.1: Copper neutral flux with collimator (left) and without collimator (right) versus 
power. 
 
Figure 5.2: Copper neutral flux with collimator (left) and without collimator (right) versus 
radial distance from pedestal center. 
 Copper neutral flux measured increases with power, though the rate of increase decreases 
as power goes above 20kW. With the chamber collimator the copper neutral flux is reduced as 
expected as the copper neutral has a rather high angular distribution when sputtered from the 
target and would get reduced by the collimator placed in between the target and the QCM/GEA 
sensor. Copper neutral flux also has a more uniform profile with the collimator installed. 
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5.2 Cu+ Flux 
 
Figure 5.3: Copper ion flux with collimator (left) and without collimator (right) versus 
power. 
 
Figure 5.4: Copper ion flux with collimator (left) and without collimator (right) versus 
radial distance from pedestal center. 
 Generally copper ion fluxes increase as target power increases, and the increase is more 
linear than what observed for the copper neutral fluxes. Again the flux profile with collimator 
installed is more uniform across radius than the profile without collimator installed. The 
reduction of copper ion flux with collimator installed is much less compared with the copper 




5.3 Ar+ Flux  
 
Figure 5.5: Argon ion flux with collimator (left) and without collimator (right) versus 
power. 
 
Figure 5.6: Argon ion flux with collimator (left) and without collimator (right) versus 
radial distance from pedestal center. 
 Argon ion flux also increases with power, but to a smaller degree compared with copper 
ion flux. Unlike copper neutral and copper ion, the supply of argon is limited as defined by the 
process gas pressure of the chamber. Error in argon flux measurements is in general larger than 
the copper neutral and ion fluxes as error would propagate as copper ion flux would need to be 
subtracted from the total copper flux and the net argon ion flux would need to be subtracted from 
the total ion flux measurements also. 
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5.4 Cu+/ (Cu++Cu0) Fraction 
 
Figure 5.7: Copper ion to neutral ratio with collimator (left) and without collimator (right) 
versus power. 
 
Figure 5.8: Copper ion to neutral ratio with collimator (left) and without collimator (right) 
versus radial distance from pedestal center. 
 As a result of copper neutral flux saturation and continuous increase of copper ion flux as 
shown in previous sections, the copper ion to neutral fraction Cu+/(Cu++Cu0)  increases with 
power as expected. The collimator has an effect of increasing the copper ion to neutral as well, 




5.5 Cu+/ (Cu++Ar+) Fraction 
 
Figure 5.9: Copper ion to argon ion ratio with collimator (left) and without collimator 
(right) versus power. 
 
Figure 5.10: Copper ion to argon ion ratio with collimator (left) and without collimator 
(right) versus radial distance from pedestal center. 
 The copper ion to argon ion fraction, Cu+/ (Cu++Ar+), increases sharply at low powers 
and then decreases above 20kW when the collimator is installed. The collimator also have a 
general effect of increasing the copper ion to argon ion fraction across the magnetron power 
range measured.  
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5.6 Cu+/ (Cu++Cu0) Fraction and Cu+/ (Cu++Ar+) Fraction with RF Bias 
 
Figure 5.11: Copper ion to neutral ratio and copper ion to argon ion ratio with collimator 
and RF bias (left) and without RF bias (right) versus power. 
 
 
Figure 5.12: Copper neutral, copper ion and argon ion flux with collimator and RF bias 
(left) and without RF bias (right) versus radial distance from pedestal center. 
 The RF bias has an effect of increasing copper ion flux value measured at the sensor, and 
thus increasing the value of copper ion to neutral fraction. The RF bias has negligible effect on 
the copper neutral flux as expected and the increase on copper ion flux is more visible at 10kW 




5.7 Cu+/ (Cu++Cu0) Fraction and Cu+/ (Cu++Ar+) Fraction with Angle Resolution 
 
Figure 5.13: QCM/GEA with angle resolution sensor setup (left) and copper ion to neutral 




Figure 5.14: Copper ion to neutral ratio with collimator and RF bias (left) and without RF 





As other setup measured previously: copper neutral has the highest flux value, followed 
by copper ion flux and argon flux has the smallest value as the process is operated at almost its 
lowest possible limit <0.5mTorr. There appears to be an asymmetric flux values along the 
direction of the magnet pack rotation. The error of measurement increases as the deposition rate 
is lowered and approaching the measurement limit of the QCM system with the 100:1 angle 
selector installed for the angle resolved ion fraction measurement, as well as for the analog 
ammeter used for total ion flux measurements.   
5.8 Cu+/ (Cu++Ar+) Fraction variation  
 During the course of the study the copper ion to neutral fraction, Cu+/ (Cu++Cu0), showed 
a gradual increase over time as shown in fig 5.15. As the sputtering target erodes over time its 
thickness decreases and the magnetic field on the surface increases, thus leads to a stronger 
confinement of the plasma and higher ionization rate and higher copper ion to neutral fraction 
measured. 
  




 The decrease in target thickness also allows the chamber to be operated at lower process 
pressure over time. At the beginning of the study the lowest stable operating argon pressure 
where plasma was continuously steady was around 0.8mTorr. As time progresses and target used 
up, the lowest operating pressure decreased to around 0.4mTorr. This however was not a main 
contributor for the increase in copper ion to neutral fraction, as the fraction is not a strong 
function of pressure at these pressure ranges. The copper ion to neutral fraction was almost 
constant between 0.4mTorr to 0.8mTorr, with or without chamber collimator installed, as shown 
in fig 5.16. 
 





Chapter 6 Particle Transport and Optical Emission Model 
 
6.1 Particle Transport Model between Target and Substrate 
  
 A model for the deposition flux involved in sputtering deposition are described by 
Anders et al[42] and is shown in fig. 6.1 below. In the figure, α is the ionization probability in 
the plasma (ionization efficiency), β is the probability of ions to return to the target (return 
probability) and γ is the sputter yield. The value of α and β depend both on the target material 
and discharge parameters, such as process pressure and magnetron power.   
 
Figure 6.1: Schematic representation of the fluxes involved by metal sputtered from the 
target. α represents the ionization probability, β represents the return probability and γ 






From fig 6.1, α and β can be calculated from the following equation [42], 
𝜙𝑎,𝑠𝑢𝑏 = (1 − 𝛼)𝜙𝑎,𝑠𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑                                                                                           
𝜙𝑖,𝑠𝑢𝑏 = 𝛼(1 − 𝛽)𝜙𝑎,𝑠𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑                                                                                         
where  
𝜙𝑎,𝑠𝑢𝑏 is the atom flux to the substrate,  
𝜙𝑖,𝑠𝑢𝑏 is the ion flux to the substrate,  
and 
 𝜙𝑎,𝑠𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑 is the atom flux from the target.  
When α approaches 1 the plasma is completely ionized, and when α approaches 0 the 
plasma is composed of neutral particles. As β reaches unity, all the ionized particles would return 
to the target and no ionized particle would reach the substrate, whereas when β reaches 0 all the 
ionized particles would goes to the substrate and none would return to the target. For a system 
consist of a rotating magnet pack and a copper target, α and β can be calculated with the 
deposition rates and discharge current during typical operation pressure at around 0.8mTorr. 
The discharge current in the case of 30kW magnetron power is around 48A, therefore 
7.7x1020 ions/sec reach the target. Multiplying the copper sputter yield of 2.568 corresponding to 
the discharge voltage (625V) with the number of ions/sec, one could estimate the number of 
atoms/sec that comes out of the target would be around 1.98x1021 atoms/sec. The target area 
where the rotating magnet pack would erode is estimated to be ~325cm2, thus, the target neutral 
flux 𝜙𝑎,𝑠𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑 is 2.38x10
18 atoms/cm2sec. The measured deposition rate at the substrate at 
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30kW power is 16Å/s. From this deposition rate and the density of copper, the total flux at the 
substrate is calculated to be 1.36x1016 atoms/cm2sec. Furthermore, the ion flux to the substrate 
with 30kW power is around 26% from the ion fraction experiments. Therefore, the ion flux to the 
substrate is calculated to be 𝜙𝑖,𝑠𝑢𝑏 = 3.62x10
15 atoms/ cm2sec.  
The above calculation assumes all flux from the target would reach substrate. In reality 
only part of the flux would reach the substrate as the substrate surface contain only a part of the 
solid angle of the flux emitted from the target. With the geometric restriction considered, the α 
and β values can be calculated from the following equations which takes the geometric solid 
angle Ω into account as follows. 
𝜙𝑎,𝑠𝑢𝑏 = (1 − 𝛼)𝜙𝑎,𝑠𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑𝛺                                                                                           
𝜙𝑖,𝑠𝑢𝑏 = 𝛼(1 − 𝛽)𝜙𝑎,𝑠𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑𝛺                                                                                        
The geometric solid angle calculated based on the QCM area and the throw distance is 7.1x10-3 
rad. The neutral flux to the substrate 𝜙𝑎,𝑠𝑢𝑏 is 1.69x10
16 atoms/cm2sec. Therefore, α = 0.409 and 
β = 0.475 for the case with 30kW magnetron power. The α and β values calculated for 




Figure 6.2: α and β values calculated for magnetron power from 5kW to 30kW. The value 
of α increases and then starts to saturate after 20kW, the value of β also reaches maximum 
at 20kW and starts to decrease beyond 20kW magnetron power. 
 
 From the values of α and β versus magnetron power it can be seen that the value of α 
increases as power increases, and the value starts to saturates beyond 20kW power, at a value 
around 0.4. The value of β also increases initially as power increase, but reaches a maximum of around 
0.8 at 20kW and then starts to decreases thereafter, to a value around 0.5 at 30kW. 
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Figure 6.3: β values and target voltage for magnetron power from 5kW to 30kW. Copper 
target voltage decreases from 5kW to 20kW and increases from 20kW to 30kW magnetron 
power. 
 
Copper target voltage during operation is also plotted against power as shown in fig 6.3. 
There is also a change in trend between lower magnetron power between 5kW to 20kW and 
higher magnetron power between 20kW and 30kW. Target voltage gradually decreases as power 





Figure 6.4: β values and copper ion/neutral fraction calculated for magnetron power from 
5kW to 30kW. Ionization fraction has a small decreases between 15kW and 20kW before 
increasing again beyond 20kW. Error bar for ionization fraction is smaller than the data 
marker. 
 
The copper ion to neutral fraction (Cu+/ (Cu++Ar+) ratio) increases as magnetron power 
increases from 5kW to 15kW (fig 6.4). However there is a slight decrease in the ion to neutral 
fraction between 15kW and 20kW before the fraction value increases again beyond 20kW. A 
similar change in the parameter trends as above will be discussed in the following section along 




6.2 Optical Emission Spectroscopy 
 
 Ocean optics Plascalc-2000-UV=VIS=NIR spectrometer with detection optical fiber 
system was used to obtain the optical emission spectrum of the magnetron during discharge. To 
avoid deposition of copper on the glass viewport a sheet of Mylar polyester film is placed front 
of the viewport at the vacuum side before the start of magnetron operation. The spectrometer has 
a spectral range between 200nm to 1100nm. Spectra for 15kW and 30kW magnetron power are 
show below in fig 6.5. 
 
Figure 6.5: OES spectra for 15kW and 30kW magnetron power. Integration time were 5ms 
for both cases. 
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  For the peaks around 790nm to 810nm, the 30kW spectrum has a higher intensity 
in both 793nm and 809nm peaks as shown in fig. 6.6.  The 793nm peaks corresponds to a 3d105s, 
which is a 2S1/2 state, to 3d
104p, a 2P1/2 state, and the 809nm peaks corresponds to a 
2S1/2 to 
2P3/2 
transition. The higher intensity at 30kW for both peaks suggested there are more copper neutrals 
at the 2S1/2 state at 30kW than 15kW. 
 
Figure 6.6: Optical emision spectra for 15kW and 30kW magnetron power between 770nm 




Figure 6.7: Optical emision spectra for 15kW and 30kW magnetron power between 500nm 
and 550nm. Both peaks has higher intensity for the 15kW spectrum. 
For the peaks around  500nm and 520nm however, the 15kW spectrum has a higher 
intensity in both 510nm, 515nm and 522nm peaks as shown in fig. 6.7.  The 510nm peaks 
corresponds to a 3d104p, which is a 2P3/2 state, to 3d
94s2,a 2D5/2 state, the 515nm peaks 
corresponds to a 2D3/2 to 
2P1/2 transition (from 3d
104d to 3d104p), and the 522nm peaks 
corresponds to a 2D5/2 to 
2P3/2 transition which is a transition from 3d
104d to the 3d104p state. The 
higher intensity at 15kW for both peaks suggested there are more copper neutrals at the 2D3/2 




Figure 6.8: Atomic energy level diagram of neutral copper.2S1/2 is the ground energy level 
state and 1S0 is the ionization energy level. 
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 From the atomic energy level in fig 6.8 it can be seen that 2D3/2 is higher than then 
2S1/2 
state. The higher population of the 2S1/2 at 30kW could be due to the increasing plasma collision 
between ions which causes the depopulation of the higher 2D3/2 state, resulting in a higher emission 
from the lower 2S1/2 state at 30kW than in 15kW, where ion collision are less. By comparing to the 
target voltage vs target power curve as shown in fig 6.9, three separate regions could be observed: 
first target voltage increases with power from 1-5kW, then start decreasing from 5-19kW, and start 
increasing again from 20-30kW. In the first region the plasma is in normal PVD mode and driven 
mostly by the discharge gas argon. Beyond 5kW metal sputtered from target starts being ionized 
and since copper is easier to be ionized than argon, the current could easily goes up and thus 
voltage drops as the power supplies are power regulated. At around 19kW,  all metal sputtered 
from the target that could be ionized are being ionized, thus beyond this point voltage would start 
to increase again and as power increases more ions would escape from the magnetron plasma and 
reaches the substrate, and thus the ionization measured at the substrate level increase from 20kW 





Figure 6.9: Target voltage vs target power for 14” copper target. The target voltage first 
goes up between 1-5kW, then decreases and reaches a minumum around 19kW before 
increasing again. ↑symbol denotes parameter value increases with increasing power, 
↓symbol denotes parameter value decrease with increasing power, and → symbol indicates 











































 Physical vapor deposition (PVD) techniques are used in many different applications, such 
as semiconductor fabrication processing. There are many different PVD techniques such as 
evaporation, DC or RF, but magnetron sputtering is usually the method of choice as it could 
achieve high deposition rate by using magnetic confinement of electrons in the plasma. Higher 
plasma density could thus be achieved and this has an effect of discharge impedance reduction 
allows for a higher current and lower voltage discharge for the same discharge power. It also 
contains a certain percentages of ionized species which allows for directional control of 
deposition profile and tailing of the film properties. 
 Challenges arises for PVD systems as progress of semiconductor developments leads to  
a continuous shrink of device size and aspect ratio of features increases, which in turns requires 
more directional control of the deposition profile and the PVD system. Mechanical methods such 
as long throw sputtering or chamber collimators have been employed to increase the percentage 
of charged species in the process plasma to increase directional control of the deposition profiles. 
Previous simulations results showed as device size shrinks and aspect ratio increases, even a few 
degree variation in angular distribution profile of the ionized species flux could have an effect of 
the deposition profile and thus on device filling and performance. For that reason an in-situ 
measurement is required to measure the flux compositions and angular distribution in the process 
plasma in order to further improve the device manufacturing process in the future.  
 In this study a combined gridded energy analyzer (GEA) and quartz crystal microbalance 
(QCM) diagnostic was being designed and installed in a chamber with similar operating 
parameters as an industrial deposition chamber setup. Magnetron power supplies are identical to 
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the one used industrially and could provide up to 40kW power to a 14in copper target with 
rotating magnet pack. The diagnostic sensor were first calibrated and bias set points for 
measurements were found. Geometric factor were also calculated to compensate the different 
behaviors of neutral and ion species in the process plasma.  
Chamber operation in high power density created noise that interferes with the 
measurement of the diagnostics. The challenges of current measurement in such environment 
resulted in a modified design of the sensor connection cables and an improved way to analyze 
QCM frequency Error propagation and analysis were carried out to determine the variation of the 
result measured and a program were also developed to streamline the calculation process. 
 Copper neutral, copper ion and argon ion fluxes were measured with and without 
chamber collimator installed. The copper neutral flux were found to increase with power but the 
rate of increase drops beyond 20kW, while the copper ion flux increase more linearly at the 
power range measured. This resulted a general increase of copper ion to neutral fraction as 
magnetron increases. The argon ion flux also increased but to a lesser extent, and the 
measurement error was larger due to the sequential subtraction of the fluxes from each other. RF 
bias were also tested and showed an increase in ion to neutral fraction as the bias pulls the 
charged particle towards the diagnostic surfaces as expected. On the other hand, the copper ion 
to neutral measurements had an unexpected drift over time as target eroded and magnetic field 
strength on the target increases as more materials were sputtered from the target. 
 Lastly a particle transport model was employed to explain the change in target voltage 
trend measured as magnetron power increased. The model predicted a change in return 
probability of the flux for below 20kW magnetron power and beyond. An optical emission 
85 
 
spectroscopy measurement system was also employed and it also showed there was change in 
excited state population as the magnetron target power increased.  
7.2 Future Work 
Not surprisingly, this study bought up more questions than it answered. In order to further 
improve the diagnostics for ionized physical vapor deposition chambers, there remains a large 
range of experiments and modelling in order to fully explain the phenomenon and its dependence 
on various parameters.  Future work that could further improve the understanding of deposition 
chambers and improve the capabilities of the diagnostic would include the following: 
1. Perform ionization fraction measurements on high power impulse magnetron sputtering 
(HiPIMS) systems. HiPIMS technique promises superior film qualities and can be 
tailored for many different applications by providing higher ion energy and ion fraction. 
Currently the IMPULSE 2-2 unit from Starfire industries could be connected to the DC 
magnetron power supplies directly and it can be pulsed in similar frequencies as the 
current rotating magnet pack at 1Hz. Picture of the impulse power supply is shown in fig 
7.1 and the specification are shown in table 7.1. 
2. Measuring metal ion to neutral ratio and metal to argon ratio as the target erodes, and as 
RF power and reuttering increases. 
3. Measure energy resolved ion angular distribution for copper neutral, copper ion and 
argon ion and the Cu ion to neutral and Cu/Ar ion fractions. 
4. Material characterization of the deposition file with different angular distribution file of 
the incoming fluxes. 
5. Verify or calibrate the particle fluxes with other plasma diagnostics such as Langmuir 
probe and OES. 
86 
 
6. Using resonance absorption technique, measure the density of copper atoms in the ground 
state with 324.7nm and 327.4nm lines. 
7.  Improve chamber cooling system and further increase chamber power to 60kW and 
observe weather there is another change in target voltage vs target power trend. 
 






Average Power 0-2kW 
Voltage 325V-1000V 
Current <200A 
Pulse Length 5us-1ms 
Frequency 1Hz-10kHz 
 








An example and values in each induvial column are explained in the following Table A.1-A.5:  
 
A 
B C D E 
Mesh Open Area Position RF 
+ V dep 
Rate 
 Raw-V Dep 
Rate 
0.52 4/5kW 0 1.07E-05 1.32E-05 
Ions/C 4/10kW 0 2.61E-05 2.56E-05 
6.24E+18 4/15kW 0 3.12E-05 3.59E-05 
Townsend Coefficient 4/20kW 0 3.82E-05 5.79E-05 
0.5 4/25kW 0 4.41E-05 5.83E-05 
Avogadro’s Number 4/30kW 0 4.42E-05 6.35E-05 
6.02E+23     
QCM Area Ratio     
0.08186639     
Density of Metal     
8.96     
QCM Radius     
0.4     
Atomic Mass of Metal     
63.546     
Ion Filter Ratio     
1     
Current Multiplication Factor     
1     
Other Grid(s) Multiplication Factors     
0.022327128     
 
Table A.1: Excel program to calculate copper ion ratio and copper to argon ratio, column 
A-E. 
Column A: Constants needed for calculation 
Column B: Position and Power for measurement 
Column C: RF power for measurement 
Column D: Average deposition rate input when bottom grid is at positive bias 
Column E: Average deposition rate input when bottom grid is at negative bias 
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F G H I J K L M 







1.07E-05 1.07E-05 1.33E-05 1.30E-05 0.19% 2.00E-08 1.18% 1.55E-07 
2.61E-05 2.60E-05 2.56E-05 2.56E-05 0.19% 5.00E-08 0.04% 1.00E-08 
3.11E-05 3.12E-05 3.58E-05 3.58E-05 0.13% 4.00E-08 0.16% 5.69E-08 
3.82E-05 3.83E-05 5.78E-05 5.80E-05 0.08% 3.00E-08 0.17% 1.00E-07 
4.41E-05 4.41E-05 5.82E-05 5.84E-05 0.02% 1.00E-08 0.17% 1.00E-07 
4.41E-05 4.42E-05 6.34E-05 6.36E-05 0.11% 5.00E-08 0.16% 1.00E-07 
 
Table A.2: Excel program to calculate copper ion ratio and copper to argon ratio, column 
F-M. 
Column F: Maximum deposition rate input when bottom grid is at positive bias 
Column G: Minimum deposition rate input when bottom grid is at positive bias 
Column H: Maximum deposition rate input when bottom grid is at negative bias 
Column I: Minimum deposition rate input when bottom grid is at negative bias 
Column J: Relative error for deposition rate with positive bottom grid bias, using values from column D, 
F and G. 
Column K: Standard deviation for deposition rate with positive bottom grid bias, using values from 
column D, F and G. 
Column L: Relative error for deposition rate with positive bottom grid bias, using values from column E, 
H and I. 
Column M: Standard deviation for deposition rate with positive bottom grid bias, using values from 
column E, H and I. 
 
 
N O P Q R S T 














1.32E-05 2.51E-06 2.51E-11 6.24% 3.00E-06 5.00E-07 16.67% 
2.56E-05 -4.20E-07 -4.2E-12 12.14% 7.50E-06 5.00E-07 6.67% 
3.59E-05 4.74E-06 4.74E-11 1.47% 1.30E-05 5.00E-07 3.85% 
5.79E-05 1.97E-05 1.968E-10 0.53% 2.00E-05 1.00E-06 5.00% 
5.83E-05 1.42E-05 1.423E-10 0.71% 3.10E-05 1.00E-06 3.23% 
6.35E-05 1.94E-05 1.935E-10 0.58% 4.00E-05 1.00E-06 2.50% 




Column N: Deposition rate when bottom grid is at negative bias (cross check) 
Column O: Copper ion deposition rate in unit of kÅ/sec  
Column P: Copper ion deposition rate in unit of cm/sec 
Column Q: Relative error for copper ion deposition rate 
Column R: Bottom grid current in unit of Amps. 
Column S: Absolute bottom grid current error input 
Column T: Relative error for bottom grid current  
 
U V W X Y Z 






Ar+ rel error 
9.53489E+13 16.67% 9.22716E+13 6.24% 3.07734E+12 703.51% 
2.38372E+14 6.67% -1.544E+13 12.14% 2.53812E+14 5.52% 
4.13179E+14 3.85% 1.7425E+14 1.47% 2.38929E+14 7.72% 




9.85272E+14 3.23% 5.23117E+14 0.71% 4.62155E+14 7.68% 
1.27132E+15 2.50% 7.11337E+14 0.58% 5.59982E+14 6.41% 
 
Table A.4: Excel program to calculate copper ion ratio and copper to argon ratio, column 
U-Z. 
Column U: Total (Cu+Ar) ion flux at sensor top surface in unit of m-3 
Column V: Relative error of total (Cu+Ar) ion flux 
Column W: Cu ion flux at sensor top surface in unit of m-3 
Column X: Relative error of Cu ion flux 
Column Y: Ar ion flux at sensor top surface in unit of m-3 


























96.77 17.80% 3.23 703.71% 18.99 5.08% 3.93717E+14 0.19% 
-6.48 13.85% 106.48 8.66% -1.64 12.15% 9.57639E+14 0.19% 
42.17 4.12% 57.83 8.63% 13.21 1.34% 1.14512E+15 0.13% 
113.81 5.03% -13.81 40.87% 33.99 0.37% 1.40503E+15 0.08% 
53.09 3.30% 46.91 8.33% 24.41 0.54% 1.62008E+15 0.02% 
55.95 2.57% 44.05 6.88% 30.47 0.44% 1.62302E+15 0.11% 
 
Table A.5: Excel program to calculate copper ion ratio and copper to argon ratio, column 
AA-AH. 
Column AA: Cu+/(Cu++Ar+)fraction 
Column AB: Relative error of Cu+/Cu++Ar+ fraction 
Column AC: Ar+/ (Cu++Ar+)fraction 
Column AD: Relative error of Ar+/ (Cu++Ar+) fraction 
Column AE: Cu+/ (Cu++Cu0) fraction 
Column AF: Relative error of Cu+/ (Cu++Cu0) fraction  
Column AG: Copper neutral flux in unit of m-3 
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